Motivated by the technological need for poly(ethylene terephthalate) materials with improved barrier properties together with the requirement for sustainability this study focuses on an eco-friendly sulfonated polyester as clay compatibilizer to facilitate polymer mixing during melt compounding. We demonstrate that the nanocomposites based on sulfonated polyester are a reliable alternative to their imidazolium counterparts, exhibiting enhanced properties (water vapor and UV transmission), without sacrificing the excellent transparency, clarity and mechanical strength of the matrix.
Introduction
The structure and dynamics in clay nanocomposites strongly influence their macroscopic properties so that performance enhancements (thermomechanical, barrier, fire retardant efficiency) are directly related to the dispersion level of the filler and the strength of matrixenanoparticle interactions [1e8] . Nanoclay hybrids can be prepared either by in situ polymerization, solution blending or direct melt intercalation, but only the latter method presents several advantages in terms of environmental impact (i.e. it eliminates the use of solvents), economical cost, preparation ease and compatibility with standard industrial processing [2] . For high melting point thermoplastics, the bottleneck of the method is the limited thermal stability of the organic components, e.g. the matrix itself and the clay modifier. Suffice to say that even a minimal degree of decomposition of the clay modifier during processing can have detrimental effects on the nanocomposites, not only by undermining intercalation, but also by inducing discoloration and loss of strength and clarity.
To circumvent this problem the use of imidazolium and phosphonium, rather than ammonium, based clay modifiers has been proposed [9, 10] . However, in view of the growing body of evidence about the (eco)toxicity of those compounds [11e13], serious concerns have been raised about their use with commodity polymers such as the poly(ethylene terephthalate) (PET). PET is commonly used as packaging material and is being in direct contact with food, beverages, pharmaceutical products and cosmetics.
Motivated by the technological need for improved barrier properties of PET materials (even a moderate improvement in barrier properties has a profound economic impact) and together with the requirement for sustainability, this study explores a nontoxic and eco-friendly sulfonated polyester (SPE) as clay compatibilizer. In particular, we focus on a commercial polyester of diethylene glycol with isophthalic and sulfoisophthalic acid that is an active ingredient in a variety of skin-care formulations [14] . For comparison, we also investigate the structure and properties of PET nanocomposites based on a thermally stable polymeric quaternized imidazolium clay modifier. Based on the Hazardous Materials Identification System scale the SPE and imidazolium considered here are rated 1 (slight hazard) and 3 (severe hazard), respectively [14] . We demonstrate that the nanocomposites based on the SPE modifier are reliable alternatives to their rather toxic imidazolium counterparts, exhibiting improved water vapor barrier properties and enhanced resistance to UV radiation, without any adverse effects on transparency, clarity and mechanical strength. 
Synthesis of the imidazolium based terpolymer (MSIm)
The terpolymer was synthesized by free radical polymerization, following a protocol described elsewhere (except that methyl methacrylate was used instead of lauryl acrylate) [15] . A solution of styrene (St), methyl methacrylate (MMA), vinyl benzyl chloride (VBC) and azobisisobutyronitrile (AIBN) in tetrahydrofuran (THF) was refluxed under N 2 for 12 h before being cooled down at room temperature. Addition of methanol resulted in copolymer precipitation that was subsequently washed with methanol and dried under vacuum. The copolymer was redissolved in THF, mixed with N-methyl imidazole and refluxed under N 2 for another 12 h. A series of terpolymers were synthesized and evaluated (S.I. Scheme 1). The optimum composition in terms of thermal stability and miscibility with PET was found for a ¼ 30, b ¼ 70, x ¼ 1 (S.I. Fig. 1 ).
Modification of montmorillonite clay
A 10wt% dispersion of SPE in water or 10wt% MSIm in THF was added dropwise and under vigorous stirring to a 1wt% montmorillonite (MMT) clay suspension in water-isopropanol mixture (3:1 volume ratio). The modified clays (noted as MMT-SPE or MMTMSIm, respectively) were purified by repeated water washing/ centrifugation cycles and then freeze-dried.
Preparation of the nanocomposites
Prior to the preparation of the composites, all materials were dried to a vacuum oven overnight. The components were first thoroughly mixed in a Flack-Tek DAC-150 FV speed mixer, before being melt-extruded in a laboratory scale DSM twin screw microcompounder at 265 C under flowing nitrogen (rotation speed 130 rpm, residence time 5 min). The nanoclay content (including the organic modifier) was kept 5wt% in all samples. Free-standing films and dumbbell shape specimens were prepared by compression molding at 290 C. For comparison, unfilled polymer samples were prepared in an identical fashion. PET/MMT-SPE and PET/ MMT-MSIm refer to PET nanocomposites that contain 5wt% MMT-SPE and MMT-MSIm clay, respectively.
Methods
Wide-angle X-ray diffraction (WAXS) spectra of the materials studied were recorded at room temperature using a Scintag Inc. q-q goniometer (CuKa radiation, l ¼ 1.54 Å).
Thermogravimetric analysis (TGA) measurements were performed on a TGA Q 5000 with a heating rate of 10 C/min, scanning from room temperature up to 600 C under flowing N 2 .
Differential Scanning Calorimetry (DSC) thermographs were collected by a TA Instrument Q1000 series calorimeter over the temperature range from 0 to 270 C at a scan rate of 10 C/min. A heat/cool/heat protocol was followed, allowing 10 min at 270 C and 0 C at the end of the first heating and cooling scans, respectively.
Tensile tests were performed at room temperature with an Instron 5569 Mechanical Tester at constant strain rate of 5 mm/min. Dumbbell specimens with gauge length 29.5 mm, width 4.0 mm and thickness 1.6 mm were used.
Transmission Electron Microscopy (TEM) images were obtained by A FEI T12 Spirit operated at 120 kV.
Water vapor transmission (WVT) tests were performed on uniform membranes (approximately 200 mm thickness) sealed on the top of plastic cups that contained distilled water. Cups were left to equilibrate on a desiccator partially filled with saturated aqueous solution of Mg(NO 3 ) 2 to maintain humidity 53%, while the temperature was kept within the range 20AE2 C. The weight of the cups was recorded regularly. The WVT was calculated using the equation WVT¼(weight loss Â thickness)/(time Â film area Â vapor pressure). Ultraviolet (UV) transmission of thin films was measured at room temperature by a UV-3101 PC Shimadzu spectrometer.
Results and discussion
The TGA traces shown in Fig. 1 suggest that the clays modified with the sulfonated polyester (MMT-SPE) and the terpolymer modified imidazolium (MMT-MSIm) have organic content higher than 70wt% compared to less than 25wt% for the two representative ammonium-based clays (MMT-Alk and MMT-OH, see Experimental Section). This observation is a direct consequence of the polymeric nature of the modifiers in MMT-SPE and MMT-MSIm, as opposed to the low molecular weight surfactants present in MMTAlk and MMT-OH. The modification of clay with polycations or other polymers has been systematically explored as an effective route to well dispersed nanocomposites [16] . Particular emphasis has been given to polymers containing vinyl benzyl chloride repeating units that can be easily attached to an amine to form quaternary salts [17] . Interestingly, the use of polymeric and oligomeric modifiers from methyl methacrylate, styrene and vinyl benzyl chloride not only can facilitate efficient mixing with a variety of polymers, but also enhances the thermal stability of the clays [17] . To our knowledge, this is the first study on nanocomposites based on terpolymer modified imidazolium clays. In addition, Fig. 1 shows that the decomposition onset temperature (T dec ) is close to 350 C for MMT-SPE and 330 C for MMTMSIm, but below 270 C for MMT-Alk and MMT-OH. As a result, PET/MMT-SPE and PET/MMT-MSIm nanocompsites appear clear and thoroughly transparent, without any coloration (S.I. Fig. 1 ). In contrast, PET/MMT-Alk and PET/MMT-OH appear inhomogeneous, hazy and colored dark brown with dense black spots.
Given that the imidazole ring itself resists fission to temperatures up to 600 C [18] , it has been suggested that the decomposition of imidazolium salts commences through the thermal cleavage of the attached chains (via S N 1 or S N 2 mechanisms) within the temperature range 300e450 C [19] . On the other hand, the degradation of aromatic polyesters begins with the formation of cyclic oligomers and proceeds via chain scission due to a b-C-H transfer reaction, generating vinyl esters and acid end groups [20] . Incorporation of ethylene glycol and isophthalate repeating units to aromatic polyesters (as in the case of the SPE modifier) increases the susceptibility to thermal degradation due to enhanced chain flexibility and the formation of more favorable bond angles, respectively, but even so the T dec remains well-above 300 C [21] , consistent with the data shown in Fig. 1 .
The featureless XRD patterns of PET/MMT-SPE and PET/MMTMSIm (Fig. 2) suggest the absence of a basal reflection of the clay tactoids, indicating sufficient matrix-filler mixing. TEM images of the PET/MMT-SPE and PET/MMT-Im nanocomposites at two different magnification scales are shown in Fig. 3a and b , respectively. At a large scale the TEM images of both nanocomposites indicate a rather patchy distribution of clay tactoids within the polymer matrix exhibiting morphological characteristics similar to those previously reported for a variety of PET/clay nanocomposites [22e27], including hybrids bearing imidazolium modified nanoclays [24] .
Nevertheless, closer inspection of the TEM images reveals a certain level of clay intercalation and tactoids composed by a small number of silicate layers. Those morphological characteristics suggest the presence of rather favorable matrix-filler interactions due to the compatibilising efficiency of the clay modifiers. We note that the SPE modifier constitutes a polyester of isophalic acid and, thus, is structurally similar to the polyester of terephalic acid PET, while, at the same time, it contains negatively charged sulfonic groups that are known to exhibit strong affinity with the edges of the clay nanoparticles. It has been demonstrated that grafting of sulfonic groups along the PET backbone significantly enhances the interactions of the polymer with the positively charged edges of MMT platelets through strong electrostatic attraction [28] . Despite the inherent immiscibility of the PET/poly(methyl methacrylate) [29] and PET/ polystyrene [30] binary blends, the TEM images shown in Fig. 2b reveal the presence of extensive PET/MMT-MSIm interfaces. The TEM images reveal a remarkable high level of clay dispersion within the matrix, rarely achieved for melt processed PET nanocomposites. Crystallization studies are crucial in understanding the macroscopic properties of nanocomposites (vide infra) given that inclusion of inorganic particles in polymeric matrices can induce diverse effects such as heterogeneous nucleation [31, 32] , suppression of crystal growth [33] , and preferential development of a certain crystalline phase at the expense of other phases [34, 35] . In agreement with previous studies on PET/clay systems [26, 27, 36] the DSC curves shown in Fig. 4 reveal the nucleating effect of MMT-SPE and MMT-MSIm clays as evident by the higher crystallization temperature (T cr ) observed for the nanocomposites compared to the neat matrix (cooling run in Fig. 4 ) and the position of the cold crystallization exotherms observed in the first heating run [36] .
The multiple melting peaks oftentimes seen in neat PET have been attributed to melting/recrystallization/remelting sequences within a single heating run [37] , to the development of a dual population of lamella thickness due to primary (thicker lamella) and secondary crystallization (thinner lamella) [38] or to a combination of those two contributions [39, 40] . In Fig. 4 the double melting peaks observed during the 2nd heating for the two nanocomposites (but not for the neat PET) indicate that the clay nanoparticles induce the formation of smaller and imperfect crystallites by imposing steric constrains to their growth [23] or, alternatively, by facilitating the secondary crystallization. The enthalpy of fusion was 35 J/g and 38 J/g for the neat polymer and the nanocomposites, respectively, indicating that the clay nanoplatelets marginally increase the crystallinity of PET.
Addition of nanoclay leaves the Young's modulus (1.5 AE 0.1 GPa) and the elongation at break (340 AE 10%) unaffected (S.I. Fig. 2 ). The minimal effect of clay addition suggests that the reinforcement expected due to the inclusion of rigid nanoparticles is counterbalanced by the formation of smaller and imperfect crystallites (vide supra).
Polymer-based clay nanocomposites often exhibit advanced barrier properties (for example gas permeation) in a manner that critically depends upon the volume fraction, the orientation relative to the diffusion direction and the aspect ratio of the nanoplatelets and the crystallinity of the matrix [41] . The clay nanoparticles function as impermeable physical barriers that increase the tortuosity and, by doing so, they slow down the diffusion of gases and liquids through a nanocomposite matrix. The effect can be compromised due to reduced crystallinity and increased free volume induced by the nanoparticles [42] .
Ideally, packing materials (such as PET) should exhibit low water vapor transmission (WVT) in order to maintain certain moisture levels for susceptible products that are prone to dehydration or, oppositely, to damaging water absorption. For PET/clay nanocomposites it has been demonstrated that WVT cannot be easily controlled since it does not necessarily follow the same trends observed for the permeation of other gases. For example, addition of 5wt% nanoclay to PET results in a remarkable improvement in O 2 barrier properties by a factor of 15, but the corresponding decrease in WVT was only 13% [43] . Based on data plotted in Fig. 5 the WVT of the neat PET matrix considered here was 2.3 Â 10 À12 g/m s Pa, in agreement with the value reported in literature [44] . Incorporation of either MMT-SEI or MMT-MSIm clay decreases the WVT by 22 and 30 %, respectively, compared to the neat PET membrane (Fig. 5) . Similar to WVT, the UV barrier characteristics of PET packing materials are equally important given that UV exposure can initiate photooxidative reactions, causing irreversible damages to the quality characteristics (e.g. nutrition or therapeutic value, color, odor) of susceptible products [45] . We found that the neat PET exhibit 75% UV transmission at 370 nm, and this value falls below 25% for the nanocomposites. In other words, addition of clay dramatically improves the UV shielding and also substantially lowers the WVT of the matrix, exhibiting performance enhancements highly desirable for packing applications.
In summary, we demonstrate that PET nanocomposites based on either polymeric imidazolium or sulfonated polyester modified clays lead to significant property improvements compared to the neat PET. In both cases intercalated hybrids that exhibit improved barrier properties, while retaining the excellent transparency and mechanical strength of the matrix are obtained. In addition, the sulfonated polyester modifier combines improved performance with environmentally friendly properties appropriate for food packaging and other health related applications. 
